Abstract The effects of luteinizing hormone releasing hormone (LHRH) on cholinergic transmission were studied at the neuromuscular junction of the frog. Brief application of LHRH produced a prolonged increase in the amplitude of end-plate potentials (e.p.p.s), which lasted 20 to 30 min after removal of LHRH. LHRH (0.4-1 µM) increased in the quantal content of the e.p.p. dose-dependently, while having no effect on the quantal size. LHRH (0.4-1 µM) did not affect the frequency and the amplitude of miniature end-plate potential (m.e.p.p.). At a high concentration (8 µM), however, LHRH consistently produced an increase in the frequency and a decrease in the amplitude of m.e.p.p. The acetylcholine-induced endplate current (ACh current) produced by iontophoretic application of ACh was reversibly and dose-dependently reduced by LHRH (4.6-46 µM). An analysis with a dose-response curve of the ACh current revealed that LHRH decreased the sensitivity of the nicotinic receptor in a noncompetitive manner. These results suggest that LHRH at low concentrations facilitates neuromuscular transmission by increasing ACh-release from the presynaptic nerve terminals, while at higher concentrations it depresses transmission post-synaptically. Possible mechanisms of these LHRH actions are discussed.
to prevent a leakage of ACh from the microelectrode. The method for the doseresponse curve of the ACh current was described precisely by DREYER et al. (1978) .
The methods for voltage-clamp measurements were essentially the same as those described elsewhere (TAKEUCHI and TAKEUCHI, 1959) . Changes in the membrane potential were recorded by a pre-amplifier (Nihon Kohden, MEZ-7101) and fed to a feed-back amplifier (Nihon Kohden, CEZ-1100). The feed-back current was injected into the cell through another microelectrode filled with 1 M K-citrate in order to clamp the membrane potential. The membrane current was monitored by a currentvoltage converter mounted in CEZ-1100.
The ionic composition of the Ringer solution used in the present experiments was as follows (mM): NaCI, 112; KCI, 2; CaCl2, 1.8 and NaHCO3, 2.4. The low Ca2+-high Mg2+ solution contained (mM): NaCI, 112; KCI, 2; CaCl2, 0.5 to 0.8; MgC12, 5.5 to 7.0; and NaHCO3, 2.4. In the high K+ solution, the concentration of K + in the Ringer solution was elevated to 10 mM.
All experiments were carried out at room temperature (22-24°C). Drugs used were (+)-tubocurarine chloride (SIGMA) and LHRH (Protein Research, Osaka) . The results were analyzed statistically with the Student's t-test. All results are expressed as mean + 1 S.E, of the mean.
RESULTS

End plate potential
The end-plate potentials (e.p.p.s) with amplitude of 3-15 mV were recorded in Fig. 1 . Effect of LHRH (8 /2M) on the e.p.p. recorded in the presence of 3 /IM curare. A: sciatic nerve was stimulated at a rate of 0.2 Hz in order to elicit the e.p.p. The period of LHRH application is indicated by upward and downward arrows. Since recordings of the membrane potential change were made by a pen-writing recorder with a flat response up to 100 Hz, a part of the response could not be recorded. B: oscilloscope recordings of e.p.p.s. Records (a) and (b) were obtained before and 6 min after application of LHRH (8 /iM), respectively. Record (c) was obtained 20 min after removal of LHRH from the superfusion solution. Records (a), (b), and (c) in B correspond to the time marked by respective symbols in A.
T. AKASU a Ringer solution containing 3 µM curare by stimulations of sciatic nerve fibers. Bath-application of LHRH (0.4-8#M) produced a dose-dependent increase in the amplitude of the e.p.p. in 73% of end-plates tested, while having no effect on the resting membrane potential and resistance. Figure 1 shows an example of the facilitation of e.p.p. produced by LHRH (8 µM). The increase in e.p.p. amplitude reached a maximum level within 5 min of the beginning of the application. After removal of LHRH from the superfusing solution, the e.p.p. did not change for 5 min and gradually returned to the control amplitude. More than 20 min were necessary Quantal content of e.p.p. In a low Cat +-high Mgt + solution, LHRH also produced a prolonged facilitation of the amplitude of the e.p.p. (Fig. 3A) . At 22 end-plates, LHRH (4.6 jiM) caused a 28.7 + 4.2% (p <0.001) increase in the e.p.p. amplitude.
The quantal content was calculated from successive recording of 60 e.p.p.s. Vol. 36, No. 1, 1986 obtained every 5 min. As illustrated in Fig. 3B , the quantal content of e.p.p. gradually increased and reached a maximum level with the application of LHRH (4:6,uM) for 10 min, where the mean increase in the quantal content was 43%. When LHRH was removed, the augmentation of the quantal content was sustained for approximately 20 min. More than 40 min were necessary for complete recovery from the effect of LHRH (Fig. 3B) . The results from nine end-plates where quantal fluctuations were analyzed are shown in Fig. 4 . The mean amplitude (v) increased 28.3 + 6.100 during perfusion with LHRH (4.6 µM). There was a comparable increase in quantal content (m, 36.7±7.2%, p <0.001). LHRH (4.6 jM) produced a 18.7±5.3% (p<0.001) depression on the quantal size (q: Fig. 4 ). The effect of LHRH on the release of ACh was dose-dependent ( Fig. 5) . At a concentration of 0.4µM, LHRH produced 14.3 + 7.1°c (p<0.05) and 16.5 + 6.6 (p <0.05) increases in the mean amplitude and the quantal content, respectively. At a concentration of 1 µM, LHRH produced a 19.4± 8.1°c (p<0.001) increase in the e.p.p. amplitude with a comparable increase in the quantal content (28.5 + 7.3%, p <0.001). LHRH (0.4 and 1jM) produced no significant effect on the quantal size (Fig. 5 ). LHRH (8 jM) produced 28.5 + 7.6 (p <0.001) and 48.1 ± 9.8% (p <0.001) increases in the amplitude and the quantal content of e.p.p., respectively, while it produced a 22.3 ± 7.2°c (p <0.05) decrease in the quantal size (Fig. 5 ). These results suggest that LHRH increases the amount of evoked ACh-release from the presynaptic nerve terminal.
Japanese Journal of Physiology Miniature end-plate potential The miniature end-plate potential (m.e.p.p.) is the minimum unit of ACh quantity spontaneously released from the motor nerve terminals (FATT and KATZ, 1952; BOYD and MARTIN, 1956 ). LHRH at a concentration of less than 1 µM produced no significant changes in the frequency of the m.e.p.p. recorded in a 2 mM K+ Ringer solution (Table 1) . On the other hand, at a higher concentration (8 µM), LHRH produced an increase in the frequency of the m.e.p.p. (Table 1 ). The mean increase in the m.e.p.p. frequency was 20.6±3.2% (p <0.001; n = 6). 
ACh current
It has been reported that LHRH at a concentration of 4.6 µM depresses the sensitivity of nicotinic receptors at the end-plate (AKAsu et al., 1983a) . We reexamined, in detail, the effect of LHRH (0.4-45 µM) on the ACh current produced Vol. 36, No. 1, 1986 Fig. 5. Dose-dependent effects of LHRH on the mean amplitude (v), the quantal content (m), and the quantal size (q). LHRH at concentrations of 4 x 1 x 10-6, and 8 x 10-6 M were applied to the superfusing solution for 15 min. by direct application of ACh. When LHRH (4.6µM) was applied to the end-plate, there was a depression of the ACh current which reached a steady state within 3 min. LHRH's effect was reversible; the amplitude of ACh current recovered within 5 min (Fig. 7) . Thus, at a concentration of 4.6 µM LHRH produced a 40.5 + 6.1 (n =6) decrease in the amplitude of the ACh current. The depression of the ACh current depends on the concentration of LHRH (0.4-45 µM) in the bath. Figure 8A shows a dose-response curve of the LHRH action. LHRH at lower concentrations (0.4-1 µM) produced no significant effect on the amplitude of ACh current. LHRH (10 ,uM) produced a half maximum inhibition. The Dixon plot was obtained from the dose-response curve of LHRH,
plotting reciprocal values of ACh responses against LHRH doses (Fig. 8B) . The straight line was obtained by assuming Hill's number of 1. The intercept of abscissa with the line of Dixon plot indicates the dissociation constant for the LHRH-R complex (K;). The dose of K; was 7.17M.
Dose-response curve of the ACh current The depression of the receptor sensitivity produced by LHRH was analyzed using the dose-response curve of the ACh current. In this experiment, iontophoretic current with an amplitude of 200 nA and a duration of 50 ms produced the maximum response of the ACh current. Figure 9B shows a dose-response curve obtained by plotting amplitudes of ACh currents against the logarithm of charge Vol. 36, No. 1, 1986 used for iontophoresis as the amount of ACh. The dose-response curve exhibited a sigmoid shape, suggesting a positive co-operativity (MAGLEBY and STEVENS, 1972; DREYER et al., 1978) . Figure 9B also shows the effect of LHRH (4.6 µM) on the doseresponse curve obtained from the same end-plate. LHRH shifted the dose-response curve of the ACh current downward, suggesting a non-competitive antagonism. A Japanese Journal of Physiology double reciprocal plot (Lineweaver-Burk plot) was constructed from these doseresponse curves (Fig. 9C) . The straight line was constructed in a double reciprocal plot from a Michaelis-Menten type of dose-response curve, assuming Hill's number (nH) = 2.7. The point where the line intersects the axis of abscissa indicates a reciprocal number of the apparent dissociation constant (Km). The calculated valve of Km was about 63 nC. The point where the line intersects the axis of ordinate is a reciprocal number of the maximum response (Vmax) of ACh which was 17.1 x 10-8 A. LHRH (4.6,iM) decreased Vmax to 10.6 x 10-8 A, while it did not affect the value of Km (Fig. 9C) . These results suggest that at the end-plate LHRH decreases the sensitivity of the nicotinic receptor in a non-competitive manner.
Miniature end-plate current The effect of LHRH on the time course of the miniature end-plate current (m.e.p.c.) was examined to test a possibility that the decrease in the ACh response resulted from a shortening of the life time of the end-plate channel (ALBUQUERQUE et al., 1974; KUBA et al., 1976) . Figure 10 shows the effect of LHRH on the m.e.p.c. obtained at a holding membrane potential of -90 mV. The decay time course of the m.e.p.c. followed a single exponential function (Fig, 10A: cf. GAGE and ARMSTRONG, 1968; GAGE and MCBURNEY, 1972, 1975) . The mean time constant of the m.e.p.c. decay (tm .e.p.c.) obtained in the Ringer solution was 1.63±0.21 ms (n = 38). Figure l0A also showed that the Tm .e.p.c. obtained in the presence of LHRH (8 tiM) was 1.47 + 0.18 ms (n = 22), indicating no effect on the time course of m.e.p.c. decay. It has been known that tm .e.p.c. depends on the membrane potential (MAGLEBY and STEVENS, 1972; GAGE and MCBURNEY, 1975; GAGE, 1976) . LHRH (8 µM) did not alter the potential dependency of Tm .e.p.c. (Fig. lOB) . These results suggest that LHRH-induced depression of the ACh current is not due to a shortening of the open time of end-plate channels.
It has been reported that LHRH does not change the reversal potential of the ACh current at the end-plate (AKASU et al., 1983a) . The reversal potential of the m.e.p.c. lay at 1.8 + 3.6 mV (n =5) in the Ringer solution. In the presence of LHRH at a concentration of 8 µM, the reversal potential was 1.2±4.2 mV (n = 5). There was no statistical difference between these two data.
DISCUSSION
The present results clearly showed that LHRH enhances the frog neuromuscular transmission. The locus of this effect appears to be the presynaptic nerve terminals, as an increase in quantal content accounts for the observed increase in evoked e.p.p. L-HRH occasionally produced a transient depression of the e.p.p. amplitude at an early phase of LHRH application (within 2 min). Such an inhibitory effect seems to be postsynaptic, because LHRH has no inhibitory effect on the quantal content. Furthermore, it was shown that LHRH at relatively high concentrations (4.6-45 JIM) consistently decreased the sensitivity of the nicotinic receptor at the end-plate.
LHRH at a low concentration (0.4-i /IM), where it produced a consistent increase in the quantal content, did not increase the frequency of m.e.p.p. These results imply that the change in the presynaptic action potential (or active Cat + influx) could account for the observed results. In neurons of the bullfrog sympathetic ganglion, the duration of Cat+-induced action potential (Ca2 -spike) was markedly lengthened by LHRH (AKASU et al., 1983d) . The voltage-dependent Ca2 + influx activated during the action potential (AKASU and KoKETSU, 1981) was also increased by LHRH (AKASU et al., 1983d) . Thus, one possible mechanism that is consistent with the present result is an enhancement by LHRH of the voltagedependent Ca2 + influx. This may account for an increase in the evoked release of ACh. However, further investigation of LHRH effects on the presynaptic action potential is needed to clarify the mechanism underlying presynaptic facilitation of neuromuscular transmission, because at a high concentration, LHRH (8 µM) produced an increase in the frequency of the m.e.p.p.
Recently, it was demonstrated that a brief tetanic stimulation of presynaptic nerve fibers in sympathetic ganglia produced a long-lasting potentiation (l.t.p.) of ACh-release from preganglionic nerve terminals; the facilitation of the quantal content of fast e.p.s.p. lasted for more than a few hr (KoYANO et al., 1985; BRIGGS et a!., 1985) . A similar l.t.p, was also produced by a brief application of adrenaline and cyclic-AMP to the neurons of sympathetic ganglia (KUBA et al., 1981; KUMAMOTO and KUBA, 1983) . The present results show that a brief application LHRH produces a prolonged facilitation of ACh-release from motor nerve terminals. However, the mechanism of such a LHRH effect is different from that of l.t.p. in sympathetic ganglia, because the facilitation of e.p.p. disappeared within approximately 40 min after withdrawal of LHRH from the superfusing solution.
We also analyzed the postsynaptic effect of LHRH on cholinergic transmission. LHRH decreases the sensitivity of the nicotinic receptor of the end-plate in a non-competitive manner. A kinetic analysis using the double reciprocal plot revealed that LHRH did not change the apparent dissociation constant, Km, but decreased the maximum response of ACh, Vmax• These results indicate that LHRH acts on a certain allosteric site of the receptor-ionic channel complex, decreasing the ACh current. The present results also show that LHRH binds the receptor-ionic channel complex with an affinity of K; (7.17 µM) to depress the sensitivity.
If LHRH decreases the sensitivity of the nicotinic receptor in a non-competitive manner, it is expected that LHRH decreases the sensitivity in the following mechanism. In this case, R represents a receptor, AChn-R an agonist-receptor complex in its closed conformation and AChn-R*, the open conformation of this complex. The dissociation constant for AChn-R is Km, as a and /3 are the channel closing-and opening-rate constants. Km' represents a dissociation constant for the AChn-LHRH-R complex. K; represents the dissociation constant for the reaction LHRH-R and AChn-LHRH-R. We assume that a combination of LHRH to the receptor increases the non-conducting complex, LHRH-R and AChn-LHRH-R. The time constant of m.e.p.c. decay and its voltage-dependency were not altered by LHRH. These results suggest that LHRH-induced inhibition of the ACh current is not due to the suppression of channel life-time of the end-plate. One can assume that ACh, released from the motor nerve terminals to the synaptic cleft, combines with the nicotinic receptor to open the associated channel with a given life-time and conductance. The results, in that LHRH decreased the ACh-induced current without affecting channel kinetics suggest that LHRH may reduce the affinity of ACh to the receptor. Probably, LHRH decreases the number of functional receptor-ionic channel complexes, producing LHRH-R and/or AChn-LHRH-R.
Recently, neuropeptides have been reported to modulate the cholinergic transmission. Substance P produced an initial depression followed by a presynaptic facilitation of neuromuscular transmission at the frog cutaneous pectoris muscle (STEINACKER, 1977) . Vasoactive intestinal polypeptide also facilitated the transmission of the neuromuscular junction of frog sartorius muscles (GOLD, 1982) without any effect on the sensitivity of the nicotinic receptor. The postsynaptic inhibitory effect of neuropeptides was also reported with the Renshaw cell (RYALL and BELCHER, 1977; DAVIES and DRAY, 1977) and Chromaffin cell (LIVETT et al., 1979; CLAPHAM and NEHER, 1984) . LHRH depressed the muscarinic response , suppressing the M-channel associated with the muscarlnlc ACh receptor ADAMS et al., 1982; KATAYAMA and NISHI, 1982) . KOKETSU (1984) has proposed that transmitters and biogenic substances modulate the nicotinic transmission of the neuromuscular junction and sympathetic ganglia in a variety of ways. At the sympathetic ganglion cell, the sensitivity of the nicotinic receptor is decreased by LHRH and substance P (AKASU et al., 1983a, b) . Furthermore, our preliminary data showed that LHRH modulated the release of ACh from preganglionic nerve terminals of the sympathetic ganglia in a dose-dependent manner (AKASU et al., 1983c) . The similarity between the effects of LHRH at the end-plate and other tissues suggests that the neuromuscular junction is a useful model for studying LHRH effects at cholinergic synapses. 
